Electrochemical techniques, ellipsometry and x-ray photoelectron spectroscopy were used to evaluate the use of benzotriazole, alone or in combination with boric acid/borate buffer and dilute copper sulfate for the protection of cobalt. The data indicate that in slightly alkaline solutions benzotriazole is a strong inhibitor for cobalt corrosion, whereas in water and neutral solutions it produces a barely measurable effect. In the presence of benzotriazole and Cu +2 ions, spontaneous reduction of copper ions leads to the formation of a thin film of Cu-BTA on the cobalt surface. This film acts as a corrosion protector that is better than benzotriazole, with a significant reduction of the corrosion rate even during subsequent exposure to solutions without inhibitors.
Corrosion is a spontaneous process and a ubiquitous problem for all but a few noble metals and metals that form a passivating oxide layer. Cobalt does not belong to either of these two groups. It is less noble than some other magnetic metals, such as nickel, and cobalt oxide is less passivating than nickel oxide on Ni. Due to their magnetic properties, Co and its alloys are widely used in thin film magnetic disks and heads. These thin film structures are particularly sensitive to corrosion loss, both during fabrication and in the field.
For magnetic recording applications, any passivation scheme that degrades the magnetic properties of the Co alloy is not viable. Alloying with metals such as Cr, thermal oxidation and application of conversion layers are all problematic. Corrosion could be reduced in a fabrication step during which Co or a Co alloy is in contact with a process solution by the use of inhibitors. However, many of the recommended corrosion inhibitors for Co offer only limited protection in situ, and even less once the part is removed from the solution containing the inhibitor.
Copper is more noble than cobalt, and copper oxides, like cobalt oxide, are marginal surface passivators. Much of the usefulness of Cu results from the very successful inhibiting action of benzotriazole (1 H-BTA to be referred to here simply as BTA) and its derivatives. 1 This compound reacts with Cu to form a Cu-BTA surface film, which, depending on the details of preparation, might be only 2 nm thick but very protective. Once formed, the film reduces the corrosion rate of Cu in water (with or without BTA) by more than two orders of magnitude. 2 This work describes the use of BTA, alone or in combination with other compounds such as boric acid/borate buffer and dilute CuSO 4 , for the protection of cobalt. The intention of the work is to evaluate if the spontaneous reduction of Cu +2 ions could lead to the formation of Cu(I)-BTA on Co. In order to be practical, the overall protection scheme should be such that the inhibiting solution itself is not aggressive and the treatment results in some lasting protection.
Experimental
The samples were 150 nm thick sputter-deposited films of cobalt. The corrosion inhibiting electrolytes were prepared as aqueous solutions with pH ranging from 6 to 9, using various combinations of boric acid/borate buffer (BAB in Table I ), ammonia, 0.01M BTA, and CuSO 4 of concentration varying from 10 -5 to 10 -3 M. The buffer used in most experiments contained 0.09M boric acid and 0.005M sodium borate, which had a pH of 8.2.
The samples were typically exposed to the inhibiting solution for 10 min by simple immersion. They were then dried with N 2 and tested for their corrosion resistance. The effectiveness of the treatment was evaluated by electrochemical measurements in a droplet of distilled water, using a miniature electrochemical cell described elsewhere. 3 Some of the measurements were conducted in an air-tight cell, made from Kel-F (3M, St. Paul, Minnesota) with quartz windows allowing for a simultaneous ellipsometric characterization of the sample surface.
In a typical electrochemical measurement (with or without an inhibitor), the open-circuit potential was measured during the first 10-15 min of the sample-electrolyte contact. The potential measurement was interrupted by a brief polarization resistance test after 1 and 5 min in solution. At the 10 min mark, a potentiodynamic polarization curve was initiated at a potential 250 mV below the open-circuit value. The potential sweep rate was 1 mV/s. Electrochemical potentials were measured and are reported against a mercurous sulfate electrode (MSE).
Samples were also characterized by ellipsometry and by x-ray photoelectron spectroscopy (XPS) to assess the growth, thickness, and chemical composition of surface layers. Samples were rinsed, dried, and exposed to air prior to being introduced into the XPS chamber.
Results and Discussion
Cobalt in CuSO 4 -containing solutions.-The open-circuit potential of Co in water is normally more than 400 mV below that of Cu. The results are given in column 3 of Table 1 , together with other data obtained in electrochemical tests in droplets of various electrolytes. At such low potentials the reduction of cupric ions should occur spontaneously. Given the low cupric concentrations used, the rate of reduction should be diffusion limited. The first step of cupric ion reduction is the formation of Cu +1 . 4 The hope was that cuprous ions would quickly react with the BTA-ions to form a thin protective Cu-BTA film. However, the reduction of cupric ions is accompanied by the oxidation of Co metal. In case where the loss of Co (from corrosion or from a corrosion protection treatment) has to be small, it is important to keep the cupric ion concentration low. If, for example, the protective layer is to be formed in water (with additives), the safe limit of cupric ion concentration can be easily determined. Potentiodynamic polarization of Co in water, Fig. 1 , indicates that the primary cathodic reaction is oxygen reduction. This reaction exhibits a diffusion controlled rate of approximately 1 × 10 -5 A/cm 2 . The cupric concentration resulting in an equivalent diffusion-limited reduction current is 5.2 × 10 -4 M. For cupric concentrations below that value, the overall cathodic rate should be primarily oxygen reduction. For example, the partial cathodic current from cupric reduction in a solution containing 10 -5 M cupric ions should be more than an order of magnitude lower and unnoticeable in the measured current-potential curves.
Co passivation in slightly alkaline solutions.-When Co that is covered with a native oxide is placed into water or slightly alkaline solutions, it exhibits an open-circuit potential that decreases and a corrosion rate that increases with time. Results are listed in Table I . (Corrosion rates at 1 and 5 min were obtained from the polarization resistance measurements; the results after 10 min were obtained from the potentiodynamic polarization curves, with two potential values listed. The first is the open-circuit potential prior to the potentiodynamic sweep, and the second is the corrosion potential during the sweep. The fact that the two values are not identical indicates that this measurement disturbs the system to some extent. The measurements, however were conducted in a regimented manner, and the results can be used for a comparative evaluation of Co behavior in different electrolytes.) Such a change could indicate a slow dissolution of surface films. Ellipsometric data indicate that, in these electrolytes, the ellipsometric parameters ∆ and ψ increase with time at open circuit, supporting oxide removal. Figure 2 shows an example of the recorded changes of ∆ and ψ solution of pH 7.8 during 27 min at the open-circuit potential followed by a reduction at −1.2 V MSE. The total change of ∆ is +5.5° (and of ψ +0.56°), corresponding to a removal of about 2.6 nm of native oxide (using a best-fit refractive index n ≃ 2.4 − 0.3i). However, in the first 10 min in solution, the native oxide is barely removed, with d∆= 1.3° or a removed thickness of less than 0.7 nm. (These results are not fully reproducible from sample to sample; in many experiments the change of the optical parameters was smaller. However, the general trend was always the same.) Thus, although it is present on the surface, the native Co oxide is neither stable nor particularly protective against corrosion. In alkaline solutions, particularly those containing boric acid/borate buffer, polarization curves indicate the onset of passivation, Fig. 1 (see also Ref. 3) . However, at the corrosion potential the corrosion rate in all cases is about 5-10 × 10 -6 A/ cm 2 , i.e., about as high as that measured in water.
Effect of BTA.-Significant inhibition of cobalt corrosion by BTA has not been reported in the literature. This may be because BTA reduces Co dissolution in water by a factor of only up to  10 times (Table I , rows 2 and 4) which is significantly lower than the effect that is measured on Cu. The effect of BTA is very reproducible and measurable even after the first minute in the solution, as the corrosion current decreases with time. After a 10 min exposure of Co to an aqueous solution containing BTA, there is a thin BTA film remaining on the surface which reduces the corrosion by a factor of ≤5 times in water that does not contain BTA. However, in slightly alkaline solutions (i.e., in boric acid/ borate buffer or dilute ammonia), BTA reduces Co dissolution by almost 1000 times, Fig. 3 . Subsequent corrosion in water (without BTA) is reduced by 4-10 times, Table II . Thus, in the presence of BTA, a small increase of solution pH results in an extraordinarily large reduction in corrosion rate. However, following the treatment with BTA, the behavior of Co in water is similar in both cases. Ellipsometric measurements of the residual films indicate that they are equally thin, with A decreasing by <0.5° and no change in ψ. Assuming a refractive index of 1.5, 2 this corresponds to a thickness of about 0.5 nm which is approximately one monolayer. BTA apparently adsorbs on the surface. The fact that ∆ does not increase indicates that BTA prevents dissolution of the native oxide (which was described above for solutions devoid of BTA). The BTA film thickness formed in distilled water and in the buffer is about the same. Thus the drastic difference in corrosion rate must result from some other factor. XPS evaluation of Co surface treated with BTA.-N is detected by XPS on the surfaces of Co samples following exposure to BTA-containing solutions. This proves that BTA is present in some form on the surface. The preparation steps after the solution exposure were identical in all cases, thus it may be assumed that any differences in the spectra can be attributed to influences of the electrolyte. Figure 4 shows the Co 2p photoelectron spectra obtained on Co samples following immersion in different electrolytes. Curves a and b were obtained on samples immersed for 10 min in H 2 O and borate, respectively. Curves c and d correspond to immersion in the same two electrolytes, but with added BTA. The spectra only show the Co signal arising from the oxide film because the metallic contributions were subtracted to underscore the differences in the Co chemical environment of the oxide films. The intensity ratio of Co oxide to Co metallic in the measured spectra (not shown here) indicated an oxide film thickness of 3 nm for the sample immersed in H 2 O and 2.3 nm for the sample immersed in borate. Curve b differs from a in the height of the satellite located about 5eV from the main peak at −780 eV. Comparison with reported XPS results on Co compounds 5 indicates that curve a corresponds to a mixture of CoO and CoO(OH) and that curve b corresponds basically to CoO. In contrast, curves c and d (measured after exposure to BTA-containing water and borate, respectively) resemble one another. These two curves show a slight shift of the main peak, with no change in position of the satellite peak. These spectra are typical of Co(OH) 2 . 5 The film thickness for the samples c and d is in both cases about 2.5 nm. The results indicate that BTA plays a more important role in the formation of the surface film than whether the supporting electrolyte is water or borate. The observed differences in the corrosion rates, with the higher currents observed in water, could be explained by the weaker interaction of BTA with the Co surface showing Co +3 , i.e., CoO(OH). Effect of Cu +2 concentration.-As predicted, the initial corrosion rate of Co (measured 1 min after immersion) in a 10 -3 M CuSO 4 solution is higher than that in water even in the presence of BTA. This initial rate of Co dissolution decreases as the Cu +2 concentration decreases. The growth of the protective film on Co in 10 -2 M BTA + 10 -4 M CuSO 4 is illustrated in Fig. 5 . The growth of the new film is clearly associated with the addition of cupric ions and seems to be parabolic in nature. If we assume that the entire change in ellipsometric parameter ∆ is caused by the new film and not roughening, the thickness of this film measured in situ is about 12 nm (calculated with the refraction index of 1.5 for CuBTA). Films formed with more dilute CuSO 4 had lower thickness both in situ and especially after rinsing and drying. -5 M CuSO 4 solution is increased slightly by the addition of borate or ammonia, the corrosion rate of Co during treatment is very quickly reduced by about 1000 times compared to that in water. This is similar to the interaction of Co and BTA without CuSO 4 . The effect is apparently due to the protectiveness of BTA alone in alkaline solutions and the formation of CuBTA. The film formed in BTA + borate + CuSO 4 offers an additional benefit. After the Co sample is removed from the solution containing BTA, rinsed, dried and then exposed to water, the rate of corrosion remains 10-50 times lower than measured on Co without prior exposure to the BTA/CuSO 4 solution, as shown in Fig. 8 . M CuSO 4 (i) in situ, i.e., in Ar glove box attached to the XPS system (upper curve) (ii) ex situ, i.e., in air and then analyzed (middle curve), ana (Hi), in situ, but exposed to air before the analysis. Kinetic energy forCu 0 is ≃918eV.
Conclusions
Benzotriazole is an effective inhibitor for Co corrosion in aqueous solutions. In water, BTA reduces Co corrosion by a factor of ≃10 times but at pH levels 8-9 this factor becomes close to 1000 times. Once the cobalt is removed from the inhibitor containing solutions, the surface retains only a marginal corrosion protection. The corrosion resistance of Co can be further improved by the formation of a thin Cu-BTA film on its surface. The best protection is achieved by immersion of Co in an aqueous solution containing 10 -2 BTA + 10 -5 M CuSO 4 + borate that is in itself not aggressive. This results in a surface film that retains protectiveness upon subsequent exposure to an environment that contains no inhibitor. 
